Abstract Hydrogen sulphide (H 2 S) represents one of the main odorant gases emitted from wastewater treatment plants (WWTP) and a mathematical model can be a fast and low cost tool to estimate its emission. In this work H 2 S emission rates in a WWTP, composed of an up-flow anaerobic sludge blanket (UASB) reactor and an aerobic biofilter (BF), are estimated using four mathematical models available in the literature (AP-42, GPC, TOXCHEM þ and WATER8). The results show that the GPC model leads to the best agreement with the experimental data, except for the biofilter due to its lack of capability to include biodegradation as a H 2 S removal process. On the other hand, the AP-42 and WATER8 models showed a slightly better ability to predict H 2 S removal in the biofilter than the TOXCHEM þ model, as all models underestimate the H 2 S concentration decay.
Introduction
Odour emission can be experimentally determined by laboratory simulations (Cohen et al., 1978; Mackay and Yeun, 1983) , by micro-meteorological methods (Rege and Tock, 1996; Parsons et al., 2000) , and by gas phase direct sampling Jiang et al., 1995; Jiang and Kaye, 1996) . However, owing to their simplicity and low cost involved, empirical mathematical equations are usually used to estimate odour emissions. These equations consider volatilization, stripping and biodegradation as the main removal mechanisms, however, only the former two mechanisms result in atmospheric emissions (Mihelcic et al., 1993) .
With adequate input of physical-chemical parameters, these models can be used to estimate hydrogen sulphide (H 2 S) emissions, since those same mechanisms are also responsible for the liquid phase H 2 S removal in wastewater treatment plants (WWTP). The aim of this work is to evaluate the performance of four mathematical models available in the literature (AP-42, GPC, TOXCHEM þ and WATER8) to estimate hydrogen sulphide removal from the liquid phase in a WWTP and also its emission to the atmosphere. The H 2 S removal rates are calculated based on H 2 S concentration measurements on the liquid phase effluent for each unit of the WWTP.
The material presented in this paper is divided into four main sections. After this introductory material, the first section presents the theoretical formulation of the emission models and removal mechanisms used in this work. The next section presents the methodology used to evaluate the accuracy of the models, including descriptions of the model setup and experimental work. The last two sections present the results obtained and the concluding remarks, respectively.
Emission models
Most of the models used to predict volatile organic compounds and H 2 S removal follow the hypothesis that the entire WWTP or units within this facility can be considered as complete mixing reactors, i.e. the contaminant concentration inside the reactor is homogeneous. In these units, the contaminant may accumulate, be transported by the fluid flow, or be affected by the five main removal mechanisms: volatilization, stripping, adsorption, absorption and biodegradation. Assuming that the unit has a constant volume, for a complete mixing flow regime, the mass balance leads to the following equation (Corsi and Olson, 1998) 
where C o is the contaminant concentration in the liquid-phase entering the unit (g m
23
); C is the contaminant concentration after it has been mixed with the fluid into the unit; V is the volume of the unit (m 3 ), and Q is the flow rate (m 3 s 21 ). R v , R s , R ad , R ab and R bio represent the contaminant removal rates (g s
21
) by volatilization, stripping, adsorption, absorption and biodegradation, respectively. In order to determine the value of C and its variation with time it is necessary to specify expressions for the removal rates by each mechanism. The models evaluated use different formulations for these expressions.
Removal mechanisms
Volatilization. According to Corsi and Olson (1998) , volatilization rate R v is typically modelled as
where K L is an overall mass transfer coefficient (m s
21
), A is the interfacial area over which the mass transfer occurs (m 2 ), C g is the contaminant concentration in the gas phase adjacent to the well-mixed liquid (g m 23 ), H is Henry's constant (Pa m 3 g 21 mol 21 ), R is the universal gas constant (8.31 Pa m 3 mol 21 K 21 ) and T is the wastewater temperature (K).
In accordance with two-film theory (Lewis and Whitman, 1924) , the global mass transfer coefficient can be represented as
where k L and k G are liquid-and gas-phase mass transfer coefficients (m s
), respectively. The first and second terms on the right-hand side of equation (3) are often referred to as liquid-and gas-phase resistances to mass transfer, respectively. The sum of these two terms gives the overall resistance to the mass transfer (1/K L ). The former equation shows H has a significant influence on whether gas or liquid-phase resistances are dominant. For highly volatile compounds, mass-transfer is governed by conditions in the liquid-phase. Conversely, for low-volatility compounds, gas-phase conditions are dominant. Most odorants are of moderate volatility and both gas and liquid-phase conditions are significant Gostelow et al., 2001) . Existing models differ significantly with respect to how k L and k G are estimated, or as to whether k G is even accounted for in source estimates (Corsi and Olson, 1998) .
For low wind velocities (,3.25 m s 21 ) or large velocities in wide units, AP-42 (USEPA, 1995) and WATER8 (USEPA, 1994) models consider the liquid-phase mass transfer coefficient (k L ) dependent on the ratio between the liquid-phase (contaminant) and ether diffusivities to the power of 2/3 and the wind velocity, as determined by Springer et al. (1984) . For large wind velocities and narrow units, both models use the equations proposed by Mackay and Yeun (1983) , which correlates k L to the friction velocity and the Schmidt number. The models GPC (Gostelow et al., 2001) and TOXCHEM þ (ENVIROMEGA, 2003) also use the expression proposed Mackay and Yeun (1983) for all simulations. The gas-phase mass transfer coefficient (k G ) in the AP-42 and WATER8 models are calculated using the expressions proposed by Mackay and Matsugu (1973) , which depends on the wind velocity, the Schmidt number and the effective diameter of the unit. On the other hand, the models GPC and TOXCHEM þ use the expression proposed by Mackay and Yeun (1983) , which correlates k G to the friction velocity and the Schmidt number.
The AP-42 model considers that emissions on weir and water fall (drop) structures are dependent on the drop height and the ratio between the diffusivities of the contaminant in the liquid-phase and oxygen to the power of 3/4. The GPC model considers the drop height, hydraulic weir load and wastewater quality parameters (primary or secondary wastewater) on the estimation of the emission rates. For drop structures, the model used the expression obtained by Rahme et al. (1997) , which considers the drop height and the sewerage flow rate. The TOXCHEM þ model uses the expressions proposed by Nakasone (1987), which depends on the drop height, the hydraulic weir load and the tailwater depth (m). The emission rate estimated by this model is corrected for temperatures other than 20 8C using the expressions proposed by Gameson et al. (1958) . The WATER8 model also uses the expressions proposed by Nakasone (1987) to estimate the emission rate, but does not correct the values at different temperatures.
Stripping. In processes with aeration, the bubbles formed by air injection in the liquid phase carry the contaminant, releasing it to the atmosphere when it reaches the free surface (stripping). Some emission models consider that the air bubbles reach the free surface completely saturated by the contaminant, while others only consider partial saturation.
The rate of stripping (R s ) by air bubbles can be modelled as
where, Q b is the bubble volumetric flow rate (m 3 s
), g is a variable which represents the degree of saturation (chemical equilibrium) achieved by a bubble by the time it reaches the exposed wastewater -air interface. The models AP-42 and WATER8 consider g equal to 1, bubbles in equilibrium with the liquid -phase (complete saturation). On the other hand, the models GPC and TOXCHEM þ consider partial saturation of the bubbles into the liquid-phase, according to the expression proposed by Matter-Müller et al. (1981) .
Biodegradation. The AP-42 and WATER8 models considers the biodegradation mechanism according to the Monod equation 
Methods
In order to evaluate the performance of the four selected mathematical models (AP-42, GPC, TOXCHEM þ and WATER8) to estimate H 2 S removal from the liquid phase and its emission to the atmosphere, an experimental WWTP was selected for the study. The four models were implemented to simulate the WWTP process and their output was compared to experimental data obtained from H 2 S analysis.
Experimental work
The experimental WWTP located at the Federal University of Espirito Santo (UFES in Vitoria city, State of Espirito Santo, Brazil) was used for the experiments reported in this work. The plant has capacity to supply a population of 800 inhabitants at a flow rate of 1.0 L s 21 . Figure 1 presents a schematic representation of the experimental WWTP, which consists of a pumping station (PS), a grit chamber (GC), an up-flow anaerobic sludge blanket reactor (UASB), a distribution box (DB) and four biofilters (BF) -one of them is used for tertiary treatment. The WWTP is compact, has high efficiency for BOD removal, and generates energy with low sludge production. Samples were collected at the inlet and outlet of each unit in order to evaluate its removal efficiency, as indicated in Figure 1 . The distribution box (DB) and the biofilter (BF) were considered together, since it was not possible to take samples in between the two units. Seven experimental campaigns were performed, each comprising of two sample extractions at each one of the 5 sampling points of the WWTP. The methodology used for the H 2 S analysis in wastewater was based on the iodometric method 4500-F, for a preliminary determination of the total sulphide (S 22 ) concentration, and on the method 4500-H, for posterior determination of the non-ionized hydrogen sulphide (H 2 S) concentration. Both methods are recommended by Standard Methods for the Examination of Water and Wastewater (1995) . In order to measure the wind velocity, an anemometer was placed at 17.5 m from the soil (approximately 12 m above the WWTP units).
Models setup
A FORTRAN 90 computational routine was built for each selected model with the equations to predict H 2 S removal. These models demand the H 2 S concentration at the unit inlet as input parameter. The removal by adsorption to solids and biomass was not considered because the discharge of anaerobic sludge in the WWTP occurs in an intermittent regime, making the measurement of the sludge effluent flow rate at the UASB unfeasible.
The mean velocity measured was corrected to obtain the wind velocity at 10 m above the soil, by using the power law wind profile with exponent p equal to 0.15, as suggested by Turner (1994) for urban regions with weak stable atmospheric conditions and moderately unstable conditions. The corrected wind velocity values were used as input to the models TOXCHEM þ , WATER8 and AP-42. For the model GPC a direct correlation between the friction velocity and the wind velocity measured was obtained assuming a logarithmic velocity profile with surface roughness size (z 0 ) equal to 1.0, as suggested by Seinfeld and Pandis (1998) for regions with trees.
Wastewater flow rate (Q), air flow rate at BF (Q b ), mean ambient air temperature (T c ) and mean wind speed at anemometer height (U r ) used in the simulations were 1.0 L s .
Results and discussion Table 1 compares the concentrations predicted by the models with the mean observed concentration, including the 95% confidence interval for the mean concentration. The models were able to quantify the outlet H 2 S concentrations for all WWTP units, considering the removal mechanisms of volatilization, stripping and biodegradation (only for the BF). Table 2 presents the emission rates and compares the removal rates predicted with the observed values. It is important to note that the emission values predicted by the model for PS, GC and UASB are equal to the values of the H 2 S removal rate, since only drop and wind induced volatilization are considered for these units. On the other hand, the emission rate predicted for the DB þ BF is given as the total removal rate of H 2 S minus the biodegradation rate. Accordingly the experimental data can be compared only to the removal rates predicted, since the H 2 S concentration was measured only in the liquid phase.
The results indicate that all the models were able to predict the removed rate within the 95% confidence interval for the PS unit with the best results obtained by the AP-42 model. The predictions for the CG and UASB units were also within the 95% confidence interval, except for the results obtained with the TOXCHEM þ model. All models significantly underestimated the removal rate at the DB þ BF units.
Although the models tend to present results within the confidence intervals of the observed concentrations and removal rates, it is important to note that the removal mechanisms is considerably different from one to another. Figure 2 presents the relative importance of each removal process accounted for by the selected models for each unit on the WWTP.
It interesting to note that the emission rates predicted by the models for the GC unit were mainly due to volatilization over the weir (drop volatilization), except for the GPC model where the volatilization due to the wind velocity also affected the results. In fact, GPC always overestimates the removal by wind induced volatilization, in relation to the other models for all units. This behaviour is probably related to the fact that GPC uses a different expression for this mechanism, which is based on the friction velocity for the atmosphere.
At the UASB unit, the emission by volatilization due to the wind was the dominant mechanism except in the AP-42 model.
The H 2 S emissions predicted by the TOXCHEM þ and AP-42 models for the DB unit were strongly influenced by the weir, while the prediction of the WATER8 and GPC models were affected by the wind velocity and also by the drop over the weir. Biodegradation was the main H 2 S removal mechanism in the BF unit except for the GPC predictions where this removal mechanism was not considered.
